Introduction
Fertilization generally describes the fusion of haploid gametes to initiate the development of a new diploid organism. In animals, an ovum or egg fuses with a motile sperm, generating the diploid zygote, which further develops into an embryo. Current representatives of early-branching eukaryotes, including protozoa and fungi, produce mating types of opposite sex that generate a zygote after fusion. In contrast, gametes of flowering plants are not the direct products of meiosis. Instead, sperm cells are formed after two additional mitotic cell divisions, creating a three-celled male gametophyte, the pollen and pollen tube (see Box 1; Figure 1A ) [1] . The female gametophyte, or embryo sac, develops within the maternal organ called the ovule after three additional mitotic nuclear divisions of the functional megaspore. Following cellularization a seven-celled embryo sac is established in the majority of angiosperms, containing two female gametes (egg and central cells) and accessory cells (synergids and antipodals, respectively) at both poles of the embryo sac [2, 3] (Figure 1B) .
To reach the two female reproductive cells, sperm cells in angiosperms have to conquer distances of a few millimeters in species such as Arabidopsis or up to 30 centimeters in maize. While mosses and ferns still possess motile sperm, the sperm cells of angiosperms have lost their motility, and the pollen tube cell acts as a vehicle to transport the sperm pair deep through the maternal reproductive tissues. The tube cell grows at its tip with a speed of up to 1 cm per hour with its cargo at a short distance from the tip. During their journey the sperm cells are connected to each other and to the nucleus of the tube cell [4] , moving as a 'male germ unit' ( Figure 1A ). Intensive communication takes place during the arduous pollen tube journey within the maternal tissues of the stigma, style, transmitting tract and ovule. These processes, collectively referred to as progamic phase, have been reviewed recently [5] [6] [7] [8] [9] and will not be further considered here. Upon its arrival at the ovule, the directive communication continues with the female gametophyte (especially the synergid cells), guiding the pollen tube through the micropyle opening of the ovule and regulating the release of its cargo [7, [9] [10] [11] .
The micropyle opening of flowering plant ovules enable sperm access and are reminiscent of the micropyle in many insect and fish eggshells [12, 13] . In the funnel-shaped micropyle of herring and flounder eggs, a yet unknown sperm attractant around the opening and inside of the micropyle directs the motile sperm (spermatozoa) into the micropyle and across the chorion to attach to the oocyte plasma membrane [14] (Figure 1C,D) . The diameter of the inner aperture of the micropyle restricts the number of entering sperm. Attraction of sperm to the micropyle opening appears to be species-specific and dependent on extracellular Ca 2+ [14] , thus showing strong functional overlap with pollen tube guidance in plants (see details below). During pollen tube reception in flowering plants, the two sperm cells are released towards the cleft between the egg and central cell ( Figure 2 ). Cell fusion (plasmogamy) then occurs, but only after successful sperm cell positioning, adhesion, and activation. With the exception of the Podostemaceae (Riverweed) family and some orchids where single fertilization occurs between the egg and a sperm (the second sperm cell is either not formed or disintegrates [15, 16] ), in all other investigated angiosperm families, one sperm cell fuses with the haploid egg cell generating the diploid embryo, while the second sperm cell fuses with the homo-diploid central cell, forming the triploid endosperm [9] . Tremendous progress has been made during the past five years in understanding the molecular mechanisms of fertilization in plants, including the fusion of gamete nuclei (karyogamy) and the prevention of polyspermy (fusion of multiple sperm cells with female gametes) by avoiding the attraction of multiple pollen tubes (polytubey). Here, we review fertilization mechanisms in flowering plants, highlight the role of Ca 2+ in the various steps and compare the findings with the corresponding mechanisms described in other organisms.
receptive synergid cell degenerates. This highly coordinated lysis of the two gametophytic cells exposes the released sperm cell cargo to the egg and central cell (Figure 2A ,B). Previously it had been assumed that the pollen tube enters the receptive synergid cell through the filiform apparatus, a unique structure of membrane invaginations and highly thickened cell wall generated at the micropylar region of both synergid cells. However, recently it became evident that in Arabidopsis the pollen tube does not invade into the filiform apparatus, but enters the embryo sac at a more distant site by growing around or along the receptive synergid cell before it ceases growth and bursts [17, 18] . As the sperm cells are not motile, redirecting pollen tube growth at the filiform apparatus and the proximity of the bursting pollen tube tip to the female gametes may be necessary to support targeted sperm cell delivery and gamete attachment ( Figure 2B ). When the pollen tube enters the female gametophyte, and before it bursts, intensive extracellular signaling takes place between the pollen tube and one or both of the two synergids [17, 18] (Figure 2C ). The synergid cells are regarded as glandular-like cells of the female gametophyte, and it is now well established that they regulate pollen tube attraction during the last step of its journey and its reception, comprising growth arrest and sperm release, as well as the prevention of polytubey upon successful fertilization [7, 11] . The identity of the signals for the reciprocally induced cellular lysis of pollen tube and receptive synergid cell are of great interest and have been sought out in many ways [19, 20] . In Arabidopsis the search for Angiosperms: flowering plants, also known as Magnoliophyta. Vascular seed plants that differ from gymnosperms, for example, by a double fertilization process and seeds that develop enclosed within an ovary. Antipodals: haploid accessory cells at the chalazal pole of the angiosperm embryo sac neighboring the central cell; precise function is unknown. Central cell: homo-diploid second female reproductive cell of flowering plants that develops into the triploid endosperm after successful fertilization. Egg cell or ovum: haploid female gamete (egg cell in plants, ovum or egg in animals) forming a zygote after fertilization, which gives rise to the diploid embryo. Egg apparatus: structure at the micropylar end of the embryo sac in seed plants, consisting of the egg cell and usually two synergid cells. Embryo sac: the female gametophyte of a flowering plant, which develops within the ovule, protected by the nucellus and the integuments of the ovule. It typically consists of two female gametes (egg and central cell) and accessory cells (synergid and antipodal cells). Endosperm: nutrient-rich tissue arising from the fertilized central cell. It nourishes the developing embryo in dicotyledonous plants and the germinating seedling in monocots. Filiform apparatus: highly thickened structure formed by the synergid cell wall at the micropylar end of the angiosperm embryo sac. Fusogen: any substance that enables membrane fusion, including the plasma membrane of cells. Fusogenic proteins are membrane proteins that remodel lipid bilayers to facilitate membrane merging. Gametophyte: haploid generation of a plant's life cycle. It develops from a spore produced by the sporophyte and produces gametes by mitotic divisions. This phase alternates with the sporophyte generation. Gymnosperm: 'naked' seed-producing plants, with distinct fertilization process from angiosperms (flowering plants) and include conifers and Ginkgo. Integuments: generally the covering of an organism or an organ, such as skin, shell, husk or rind. In plant sexual organs, it describes the outermost layers of an ovule, enveloping the female gametophyte or embryo sac. Karyogamy: nuclear fusion, including fusion of gamete nuclei in fertilization. Micropyle: a minute opening in the ovule of a seed plant through which the pollen tube enters and a funnel-shaped opening in many animal eggshells, respectively, enabling sperm access. Oocyte: the cell in animals that develops into an egg. Once it is fertilizable, it is referred to as an egg. Ovule: the structure in seed plants that develops into a seed after fertilization. It consists of one or two integuments forming its outer layers, the nucellus and the female gametophyte. Plasmogamy: fusion of the cytoplasm of two parent cells, including fusion of egg and sperm cells. Pollen: the highly reduced haploid male gametophyte generation in flowering plants, consisting of the tube cell as well as one generative and two sperm cells, respectively. Pronuclei: the haploid nuclei of animal gametes during the process of fertilization, after the sperm enters the ovum, but before they fuse. Sporophyte: diploid generation of a plant's life cycle; it develops from the diploid zygote after fertilization and produces spores through meiosis. Synergids or synergid cells: haploid accessory cells at the micropylar pole of the angiosperm embryo sac; glandular-like cells involved in pollen tube attraction and reception. Syngamy: fusion of two gametes in fertilization, forming a zygote and involving both plasmogamy and karyogamy. mutants defective in pollen tube growth arrest and burst resulted in the identification of FERONIA/SIRE´NE (FER/SRN; Table 1 ) encoding a member of the Catharanthus roseus subfamily of receptor-like kinases CrRLK1L-1 [21, 22] . FER is broadly expressed, and the encoded protein localizes at the plasma membrane in diverse cell types. In the Arabidopsis ovule, FER-GFP appears most prominently at the filiform apparatus [21] . Its extracellular domain is likely glycosylated, as mutants defective in the genes TURAN (TUN) and EVAN (EVN), encoding an uridine diphosphate (UDP)-glycosyltransferase superfamily protein and a dolichol kinase, respectively, that are both required for N-glycosylation in the endoplasmic reticulum (ER), display the same fer mutant phenotype [23] .
Pollen tube reception and synergid degeneration are also affected in the Arabidopsis mutant LORELEI (LRE), encoding a GPI-anchored protein expressed predominantly in the synergid cells [24, 25] . Recent work on LRE and the closely related LORELEI-like-GPI-anchored protein 1 (LLG1; expressed in seedlings) suggest that both proteins are critical for the cell surface signaling capacity of FER. LRE and LLG1 interact with FER and seem to play a role in facilitating the localization of FER to the cell membrane or stabilizing the FER-receptor complex at the cell surface [26] . Comparing the extracellular domain of FER with that of corresponding proteins of other species of the Brassicaceae (mustard and cabbage) family further revealed a high degree of amino acid diversification in this domain compared with the kinase domain indicating that this domain may be under selective pressure for species-specific interactions with the pollen tube and thus contribute to the reproductive isolation between species [21] . The complementary pollen tube-derived ligand that may interact with FER has not been identified. In roots, however, a small secreted cysteine-rich peptide (CRP) of the RAPID ALKANIZATION FACTOR (RALF) subfamily of CRPs was shown to directly interact with FER, resulting in phosphorylation of plasma membrane-localized H + -ATPase 2 (AHA2) mediating the inhibition of proton transport [27] . RALF-encoding genes are also strongly expressed in the pollen tube [28] and it now remains to be investigated whether one or some of these RALFs induce a FER-dependent signaling pathway in the synergid cell that triggers pollen tube growth arrest and the lysis of both interaction partners.
Progress has also been made to understand the FER-dependent intracellular signaling pathway in synergid cells [29] . NORTIA (NTA or AtMLO7), a member of the plant-specific mildew-resistance Locus O (MLO) family of 7-pass membrane proteins involved in susceptibility to the fungus powdery mildew, was found to be redistributed in a FER-dependent manner from endosomal compartments to the plasma membrane of synergids [30] . Although its role in pollen tube perception is unknown, NTA is also required for pollen tube growth arrest and burst, and might be required, for example, for pollen tube-synergid attachment. In addition, it was recently shown that the FER-LRE signaling complex controls the production of reactive oxygen species (ROS), especially hydroxyl free radicals during pollen tube arrival [26, 31] . ROS themselves appear to induce bursting of the pollen tube in a Ca 2+ -dependent manner, involving the activation of Ca 2+ channels. During its growth around or along the synergid cell(s) [17] the pollen tube apex induces cytosolic Ca 2+ oscillation in the receptive synergid ( Figure 2C ), culminating in the death of both interaction partners [18, 32] . The FER signaling pathway is required for induction and maintenance of the Ca 2+ responses [33] and a RHO GTPase-based signaling mechanism likely acts directly downstream of FER-LRE activation [26] . However, the connections of the various signaling Review components is still unclear as intracellular responses regulated by Ca 2+ are multiple and complex [34] .
Less is known about the mobile ligands involved in signaling pollen tube growth arrest and bursting. However, both pollen tubes and synergids express a diverse array of genes encoding CRPs at very high levels, suggesting specific roles for some of these CRPs during pollen tube reception [28] . Members of the defensin (DEF) and defensin-like (DEFL) subgroup of CRPs are prime candidates to mediate pollen tube bursting, as they are closely related to the sequence of toxins leading to cell death in animals. The DEFLs ES1-4 (EMBRYO SAC1-4) were first discovered in the embryo sac of maize and were hypothesized to possess a dual role in pathogen defense and reproduction [11, 35] . Later they were shown to be secreted upon pollen tube arrival to induce tube burst at the very tip, leading to explosive sperm release within seconds [36] . ES4 application in vitro leads to depolarization of the pollen tube membrane potential, involving opening of the pollen tube potassium channel, KZM1. Other ion channels, including voltage-dependent channels, also may be activated upon the observed membrane depolarization that culminates in an osmotic-based pollen tube burst, but these putative functions have yet to be tested. DEF/DEFL genes are also expressed by the pollen tube [28] , suggesting that the male gametophyte may also release such toxin-like molecules to induce lysis of the receptive synergid cell. Furthermore, upon arrival at the synergid cells, the pollen tube cell wall likely is locally destabilized due to the activity of pectin methylesterase inhibitors (PMEIs) [37] . In support of this assumption, the cognate genes are strongly up regulated in the maize female gametophyte.
These findings suggest that, at least in maize, PMEI1 and ES1-4 act in concert to induce pollen tube burst. It remains to be shown how their release from synergid cells upon pollen tube interaction is regulated. Notably, a FER homolog is also expressed in the maize egg apparatus and RALF-encoding genes are strongly expressed in maize pollen tubes (T. Dresselhaus and co-workers, unpublished data), suggesting that conserved mechanisms are involved. To what extent DEFs/DEFLs are required for cellular protection versus reproductive processes is not yet known. It has been reported recently that the pollen tube is capable of carrying a virus towards the embryo sac during fertilization [38] , but it is unlikely that larger pathogens, such as bacteria or fungi, are delivered together with the sperm cell cargo because of the many defense levels against such invaders along the path of pollen tube growth. Moreover, DEFLs ES1-4, for example, possess antifungal activity and the application of high concentrations of ES peptides or fragments thereof containing the predicted interaction domain(s) leads to fungal growth arrest, their swelling, and eventual bursting [39] .
The only male factors known to be required for pollen tube growth arrest and sperm release are three transcription factors of the MYB family (MYB97, MYB101 and MYB120) localized to the pollen tube nucleus [10, 40, 41] . Together, they regulate and activate a number of genes during pollen tube growth, including those coding for secreted CRPs. Whether these CRPs are involved in pollen tube-synergid communication and induction of synergid degeneration through the FER/LRE or NTA signaling pathways remains to be seen.
In conclusion, although flowering plant and animal sperm delivery systems appear very different, they do have common morphological features and mechanistic principles to guide spermatozoa or pollen tubes to the female gamete(s). This includes a micropyle and proteins secreted or exposed on the egg cell surface that act as short-range chemoattractants. However, among animal species there exists a great diversity of sexual organs and egg/oocyte morphologies that are difficult to compare, as well as molecular pathways and principles that are largely unexplored in any species [42] . Future research hopefully will reveal to what extent, if any, the molecular components involved in sperm delivery are conserved between diverse taxa. [43] [44] [45] [46] , little is known about direct gamete interactions in flowering plants. During the pollen tube journey, a number of mechanisms have been established in plants to distinguish between self/non-self and alien pollen to prevent inbreeding and fertilization with foreign sperm cells [5] . Sperm cells are delivered towards the site of gamete fusion by the pollen tube, and one would therefore expect that flowering plants might have lost specific gamete recognition systems. However, considering lessons from animal fertilization, we should not rush to this conclusion. In animals with internal fertilization -for example, all mammals, many arthropods, some nematodes, and many others -one might think that genital compatibility, mating behaviors, and seasonal timing would obviate the need for species-specific gamete recognition mechanisms. Clearly this is not the case, since in vitro studies using eggs and sperm of different species (e.g. mouse and human) clearly demonstrate that species-specific gamete recognition mechanisms are fully in play [47] . Rapidly evolving cell surface proteins play a key role during gamete recognition and adhesion in metazoans and reinforce barriers to interspecific hybridization [48, 49] . We are not equating a pollen tube to a penis here, but the fact that plants have many reproductive hurdles prior to gamete interaction should not be construed to mean that a plant has no species-specific gamete recognition mechanisms.
A unique mechanism in plant gamete recognition that remains to be understood is how one sperm attaches to and fuses with the egg cell while the second sperm cell almost simultaneously fuses with the central cell. With the exception of a few plant species, such as Plumbago zeylanica (leadwort), containing dimorphic sperm cells, where the larger sperm cell containing more mitochondria fuses preferentially with the central cell and the smaller sperm cell with the egg cell [50] , sperm cells in most flowering plants are isomorphic and a preferential fusion with either of the female gamete has not been observed. In Arabidopsis it was shown that both sperm cells are able to fuse with either female gametes [51] [52] [53] [54] ; thus, preferential fertilization does not exist in this species. Live-cell imaging during double fertilization furthermore revealed that the two sperm cells remain close together and relatively immobile after being delivered to their future fusion sites. The beginning of sperm nuclei movement, which occurs around 7.4 minutes after the pollen tube bursts [51] , suggests that plasmogamy has taken place. However, it remains to be explored to what extent gamete recognition and adhesion take place during this short time period and how the male and female gametes communicate with each other.
A recent study showed that Arabidopsis sperm cells become competent for fertilization after they are released from the pollen tube (see below), indicating that indeed communication takes place between gametes following sperm cell release from the pollen tube, but before fusion is executed. The protein composition on the surface of plant gametes has not yet been determined, but lectin labeling experiments using isolated male and female maize gametes indicate the presence of surface carbohydrates, which might be of importance for cell adhesion as described in animals [55] . Moreover, the surface of isolated egg cells of Torenia fournieri (wishbone flower) was found to be positively charged [56] . Whether the surface of sperm cells is charged in a different manner and whether the egg and central cells possess a different surface charge remains to be examined. A first indication that surface proteins involved in gamete attachment and recognition exist in flowering plants, similar to algae and metazoans, is given by the functional characterization of Arabidopsis GAMETE EXPRESSED 2 (GEX2), a protein localized to the sperm cell surface [57] (Figure 3A ). GEX2 contains a singlepass transmembrane domain (TMD) at its carboxy-terminal region and an extracellular localized filamin repeat domain similar to immunoglobulin-like (Ig-like) domains involved in gamete interaction in mammals and non-seed plants like algae [44] ( Figure 3B ). Using an in vivo assay it was shown that GEX2 is required for both sperm-egg cell and sperm-central cell attachment [57] . Investigating GEX2 of the closely related species Arabidopsis thaliana and Arabidopsis lyrata revealed that the filaminrepeat domain is evolving much faster than other regions of the protein, making it an attractive domain to mediate species-specific gamete attachment. However, this remains to be tested.
In summary, our knowledge about molecules involved in gamete recognition and adhesion is scarce, and this aspect of the double fertilization process urgently requires more attention from the research community. If one accepts the notion of positive selection on gamete recognition proteins as documented in animals [58] , then one may be able to identify candidates based on computational analysis of dN/dS ratios in cell surface proteins. This method was already used to show, for example, that the extracellular domain of FER and the filiamin repeat domain of GEX2 are under positive selection [21, 57] . However, because of the differences in ratios of eggs and sperm between plants and animals, the sexual conflict experienced in a plant may be much less, and may not always drive positive selection mechanisms as robustly.
Gamete Activation Before Fusion
In Arabidopsis, a couple of minutes are required after pollen tube bursting before the sperm cells fuse with the female gametes [51] . Until recently it was unclear what was happening to the gametes during this time. A recent breakthrough was the identification of a family of small cysteine-rich proteins, named as EC1 (EGG CELL 1), accumulating in storage vesicles in the egg cell before fertilization. EC1-GFP fusion proteins were detected extracellularly only after sperm delivery, suggesting that exocytosis of EC1-GFP is actively triggered ( Figure 3A ). Both gamete fusion events are impaired in EC1-deficient ovules and EC1 peptides exogenously applied to sperm cells stimulate the relocation of the potential fusogen GENERATIVE CELL SPECIFIC1/ HAPLESS2 (GCS1/HAP2) from the endomembrane system to the plasma membrane [59] (Figure 3A) , indicating that the egg cell secretes EC1 proteins to achieve rapid sperm activation and gamete fusion. Later it was shown that some of the sperm cells in EC1-deficient ovules are able to accomplish markedly delayed fusion with the female gametes [60] , suggesting that these sperm cells have very slowly acquired fusion competence. Moreover, EC1-related proteins are expressed in the synergid cells, which may also contribute to gamete activation during sperm cell delivery [4] . Altogether, these findings indicate that first the egg cell becomes activated during or immediately after sperm cell release, in turn activating the sperm cells and enabling them to fuse quickly. Whether the central cell is involved in this process is unclear. However, plasmogamy of a sperm cell spike during sperm cell discharge from the pollen tube [18, 61] prior to sperm-female gamete fusions, offering the possibility that a first level of female gamete activation is achieved by contents of the pollen tube and not by the sperm directly. Recent work in the fruit fly, Drosophila melanogaster, demonstrates that the Ca 2+ rise that occurs in its oocytes also occurs independent of sperm fusion and instead relies on mechanical pressure on the egg provided normally during egg laying, or experimentally by an investigator [62] . Sperm-egg fusion in Drosophila occurs after the egg transits through the oviducts, but it is not the (only) stimulus for the Ca 2+ wave that occurs in all animal eggs tested. Passage through the female tract at egg (zygote)-laying then finalizes the activation event by the mechanically induced Ca 2+ wave. Similarly, the bursting pollen tube causes a deformation on the female plant gametes, and thereby might stimulate mechanosensitive Ca 2+ channels [34] , as seen in Drosophila. This hypothesis is supported by the observation that both female gametes respond to pollen tube/synergid cell burst with a single Ca 2+ wave, which is also observed in a gamete fusion mutant [18, 61] . Testing Ca 2+ waves in the female plant gametes using mutants defective in mechanosensing or mechanotransduction and the use of Ca 2+ chelators such as BAPTA and/or osmotic stress conditions may help focus future research on this critical activation step.
Gamete Fusion (Plasmogamy)
Very few cells in a plant or an animal are normally programmed to fuse with another. In fact, animal cells seem to pride themselves on the ability to tightly adhere to each other without fusing. This is particularly true in epithelial cells, where tight junctions, close appositions, and robust adhesions between cells are the norm but cells do not fuse. In a human, which contains about 200 different cell types, only a few cell types normally undergo fusion events: eggs and sperm (fertilization), skeletal myoblasts (myogenesis), osteoclasts (bone remodeling), and some placental cells (placenta formation in mammalian implantation) [63, 64] . As a consequence of these sparse examples, knowledge of cell fusion events is limited. It is evident that specific membrane proteins, called fusogens, are required to modulate lipid bilayers, and thereby facilitate membrane merging since lipid bilayers do not fuse spontaneously. The round worm Caenorhabditis elegans, for example, undergoes significant cell fusion in its outer, dorsal epithelium, and requires the type I membrane protein EFF-1 to do so. EFF-1-driven fusion entails trans-trimerization to bring TMDs anchored in the two opposite membranes in close contact [65] . It was also reported that adding EFF-1 and other fusogens to cells can stimulate cell fusion in cells that do not normally undergo fusion [66] . Thus, a major argument is that cells do not fuse because they do not possess a fusogen, and not because they are molecularly recalcitrant to fusing. Indeed, a plethora of membranous viruses are able to fuse with diverse animal cells, supporting this contention [67] .
Surprisingly few and diverse proteins are known to play essential roles in gamete fusion, despite being such a fundamental and ancient process. Several excellent review articles on the fusionessential proteins that were discovered so far in animal species such as mammals, C. elegans, Xenopus laevis, and D. melanogaster (e.g. [44] , which will therefore not be mentioned here in more detail). However, in mammals, for example, the only essential factors for fusion described to date are sperm IZUMO, and the ovum's Juno and CD9 ( Figure 3B ). IZUMO1 is a type I membrane glycoprotein with an extracellular Ig-like domain, one Izumo domain at its amino terminus and a short cytoplasmic tail [46] . Notably, IZUMO1 localizes on the inner and outer acrosomal membrane in mature spermatozoa and translocates to the equatorial segment (the region of the acrosome-reacted sperm that is important in initiating fusion with the egg plasma membrane) only during the acrosome reaction [68] . Recently, the egg-expressed receptor for IZUMO was identified as the GPIanchored folate-receptor protein Juno, also known as Folr4 [45] .
Upon IZUMO1-Juno interaction the fusion-essential tetraspanin CD9 [69, 70] is recruited to the adhesion site, suggesting that CD9 is a partner of Juno [71] (Figure 3B) . Interestingly, the binding of monomeric IZUMO1 to Juno triggers the dimerization of IZUMO1, which, in turn, appears to abolish IZUMO1-Juno association as Juno becomes excluded from the adhesive surface in a cell-oocyte assay [72] . CD9 and other tetraspanins are able to form higher-order protein complexes, called 'tetraspanin-enriched microdomains (TEMs)', by direct or indirect lateral interactions with other membrane proteins, such as immunglobulins, signaling proteins, integrins and other tetraspanins [73] . This explains why tetraspanins are involved in a range of complex interactions such as gamete fusion, endocytosis, exocytosis, and both entry and exit of viruses during host cell infection. Tetraspanins are conserved in multicellular organisms including flowering plants [74] , and they may also be involved in plant reproduction, as some tetraspanins accumulate in male and female reproductive tissues and gametes. So far, however, gene knock-out studies in Arabidopsis have not revealed reproduction-related phenotypes [75, 76] , suggesting functional redundancies. Among other proteins reported to participate in mammalian sperm-egg interactions are members of the ADAM (A Disintegrin and A Metalloprotease) protein family, integrins and CRISPs (Cysteine-Rich Secretory Proteins) ( Figure 3B ), protein families that do not seem to have true orthologs in flowering plants. Mouse knockout studies have revealed that the testis/spermspecific ADAM2 (fertilin b) and ADAM3 (cyritestin) are critical for fertilization because in vivo sperm migratory function in the female reproductive tract is affected, and mature sperm cannot bind to the egg zona pellucida [77] . However, ADAM3 in human is a pseudogene [78] , suggesting that another ADAM protein takes over ADAM3 function in human sperm. Integrins are obligate (a-b) heterodimers and represent a major family of cell-surface adhesion receptors in metazoans [79] . Integrin a6b1 is present on egg and sperm and its participation in the process of sperm-egg interaction was supported by the fact that disintegrin-like domains of many ADAMs are capable of acting as integrin ligands. However, neither a6 nor the expression of the b1 integrin subunit by eggs is essential for female mice to be fertile [80] , suggesting that integrins are beneficial for sperm adhesion but not essential for mammalian fertilization.
The vertebrate-specific secreted CRISPs are modular proteins defined by the presence of 16 conserved cysteines. The aminoterminal module is the CAP domain (CRISP, Antigen 5, PR-1), which is connected by a short hinge to the cysteine-rich domain (CRD) in the carboxy-terminal region [81] . Although genes encoding CRISP-like proteins are not present in plants, the CAP domain of CRISPs reveals sequence similarity to the plant pathogenesis-related protein 1 (PR-1) of Arabidopsis, which accumulates after infections with pathogens. Transcripts encoding a PR-1-like protein are, however, abundant in the wheat egg cell [82] , and PR-1 proteins may reveal a fertilization-related function. Members of the CRISP gene family are predominantly expressed in the mammalian male reproductive tract and in the venom of reptiles [83] . Rat epididymal CRISP1, for example, associates with the sperm surface during sperm maturation and locates to its equatorial segment (the fusogenic region of sperm) as the acrosome reaction occurs. In vitro experiments suggested that CRISP1 participates in the regulation of signaling pathways during capacitation. However, male and female CRISP1-null mice exhibited no differences in fertility [84] , probably caused by functional redundancy between CRISPs. Reptile CRISPs have been reported to regulate a range of ion channel types and in vitro and in vivo methods identified mouse CRISP4 as an inhibitor of transient receptor potential M8 channel (TRPM8) activity [85] . Moreover, mouse CRISP1 was recently reported to be capable of modulating the principal sperm Ca 2+ channel CatSper involved in hyperactivation [86] , supporting the idea that CRISPs act as endogenous protein ion channel regulators.
Little is known about gamete fusion in flowering plants, although the double fertilization process involving fusion of genetically identical male gametes (sperm cells) with two female gametes (egg and central cell) [87] is a major distinguishing and unique feature of flowering plants. Recently, even a third cell fusion event was reported in Arabidopsis [88] , occurring between the fertilized central cell and the persisting synergid cell, thereby preventing the attraction of multiple pollen tubes (see also below). Whether the occurrence of three-cell fusion events is a general mechanism and also exists in plants with a different ovary and ovule morphology remains to be determined [89] . However, the sequence of fusion events and the precision by which fusion of both sperm cells with only one female gamete is accomplished are longstanding questions in plant reproduction research. Using fluorescent fusion proteins the simultaneous entry of sperm internal membrane components into the egg cell and central cell was reported [90] and adjustment and re-adhesion of one sperm cell may be required when the sperm cell pair is not properly positioned between the two female gametes [91] .
More detailed studies have recently shown that fusion of one sperm cell with the egg cell occurs at about 4 minutes after their release and fusion between the second sperm cell with the central cell is on average a few minutes delayed [18, 61] . This sequence of events suggests that successful sperm cell-egg cell fusion is a prerequisite for sperm cell-central cell fusion. Further support is provided by studies of the female gametophytic mutant glauce (glc), where the second sperm cell fails to fuse with the central cell resulting in single fertilization [92] , and the discovery that each female gamete contributes independently and synergistically in the block to polytubey upon fertilization [93] . These observations suggest that the central cell likely promotes its own fertilization by a yet unknown signaling mechanism. The best characterized gamete interaction protein in plants is GENERATIVE CELL SPECIFIC1/HAPLESS2 (GCS1/HAP2) [94] ( Figure 3A) . Originally identified as a generative cell-specific single-pass TMD protein in pollen of lily (Lilium longiflorum) and Arabidopsis required to regulate gamete fusion and fertility [95] [96] [97] , GCS1/HAP2 was later shown to function as a conserved protein involved in gamete fusion in many eukaryotes, including unicellular protists and invertebrates [98] . Its function is best understood in the flagellated single-cell algae Chlamydomonas reinhardtii, where it is located at the fusion site of minus-type gametes and acts during gamete fusion, and thus after gamete attachment [99] . It is required in a similar manner as a male factor during fertilization in the malaria parasite Plasmodium berghei [99, 100] and was also recently shown to be required for fertilization in a starlet sea anemone (Nematostella vectensis). Here, the GCS1/HAP2 gene is expressed in the testis and the protein localizes to sperm where it may act in sperm-egg fusion, although this remains to be tested [101] . A very exciting observation was recently reported in the ciliated protozoan Tetrahymena thermophila, which generates seven sexes (or mating types) and bypasses the production of male gametes. It was shown that GCS1/HAP2 is expressed in all mating types and that fertility is only blocked when the gene is deleted from both fusion partners [102] . Interestingly, gametes of complementary mating types in this species can recognize each other, but GCS1/HAP2 is required for the stability of the interaction and membrane pore formation at the nuclear exchange junction. Plant egg cells in maize and Arabidopsis do not generate detectable amounts of GCS1/HAP2 (T. Dresselhaus, S. Sprunck and co-workers, unpublished data), suggesting that presence of GCS1/HAP2 on sperm cells is sufficient for gamete fusion. It may therefore be possible that GCS1/HAP2 interacts with another protein and not with itself as indicated by the above described findings in T. thermophila.
The extracellular amino-terminal part of plant sperm cell GCS1/HAP2, containing a conserved GCS1/HAP2 domain, was shown to be critical for its function and was proposed to interact with proteins on the surface of female gametes, while the cytoplasmic carboxyl terminus, which is enriched in positively charged amino acid residues, is dispensable for gamete fusion and might instead be involved in membrane interactions and/or downstream signaling events [103, 104] . These findings indicate that the molecular mechanisms of gamete fusion have elements shared between widely divergent organisms, more so than those mechanisms involved in gamete attraction and recognition. It will now be exciting to find out how widely throughout phylogeny GCS1/HAP2 is present, whether its protein domains are functionally interchangeable between species, and if the very few animal fusogens identified are capable of stimulating fusion also in plant cells.
Karyogamy
After plasmogamy microtubules and centrosomes direct the migration of gamete pronuclei for fusion (karyogamy) in animals. Oscar Hertwig described the process of karyogamy in 1876 for the first time [105] . This observation used the very accessible sea urchin eggs and sperm, and marked the definitive conclusion that both egg and sperm were involved in creating the embryo. Moreover, this finding formally ended the controversy of the spermists versus the ovists, that is, that the sperm contained a miniature individual that merely unfolded or grew in the highly nutritive source of the egg, or that the egg would normally be sufficient for complete development if only activated by the correct stimulus, a sperm. These results definitively documented that both gametes were involved in the developmental process.
Sea urchins use a paradigmatic mechanism of karyogamythe sperm-donated centriole (the egg centriole is disassembled and lost in most animal species studied, rodents being a significant exception) nucleates extensive microtubular arrays that 'capture' the female pronucleus, and draw each toward the center of the zygote, whereupon fusion of the two pronuclei ensues [106, 107] (Figure 4A ). Yet other animals use a variety of variations on this theme. In the ctenophore Boroe, for example, multiple sperm pronuclei enter the large, yolk-filled egg and 'wait' to be selected [108] . The female pronucleus then proceeds to migrate throughout the egg cytoplasm, even bumping into some of the male pronuclei. At some point, the female pronucleus 'chooses' one of the male pronuclei and fuses with it, thereby stimulating degradation of the remaining male pronuclei. So too in some birds, multiple sperm appear to fuse with the egg and only later is one selected for karyogamy [109] . Between these extremes in mechanism lie most animal karyogamy examples [110] .
While in animals gamete pronuclei approach each other, and nuclear tracking along microtubules and centrosome-dependent nuclear positioning [111] governs their movement and positioning for karyogamy, the migration of nuclei following plasmogamy is considerably different in flowering plants, which lack centrosomes. Nevertheless, the two sperm cells of flowering plants migrate towards egg and central cell nuclei, and fuse, finalizing the process of double fertilization. It was recently reported that microtubules are dispensable for migration and fusion of male and female gamete nuclei of Arabidopsis and for nuclear positioning in the central cell [112, 113] , while the presence of intact F-actin cables is necessary. After plasmogamy the sperm nuclei become surrounded by an aster-like structure made of actin, and this structure migrates together with the sperm nuclei ( Figure 4B ). Bundles of microfilaments are formed in a Rho-GTPase ROP8-dependent manner and appear to regulate sperm nuclei migration during fertilization [112, 113] . The finding that microtubules are dispensable in flowering plant karyogamy is surprising since microtubules in animals are involved at many levels [114] . The cytoplasm below the surface of plant female gametes appears also enriched in microfilaments [112, 113] , which might be required for sperm cell incorporation similar to animals, but might also be required to establish the aster-like structure, similar to the microtubule-based aster associated with animal sperm pronuclei ( Figure 4A) . In vitro fertilization experiments with isolated plant gametes were performed to determine the timing between plasmogamy and karyogamy. While experiments in maize indicated that karyogamy occurred within 2-3 hours after gamete fusion [115] , recent experiments in rice showed that movement of sperm nuclei adjacent to the egg nucleus takes only 5-10 minutes and occurs in an actindependent manner [116] thus confirming the above-described findings in Arabidopsis.
The molecules required for karyogamy are not known. However, the membrane protein GEX1, containing three predicted TMDs and a large extracellular domain (ED), is an attractive candidate. GEX1 is expressed in both sperm and egg cells of Arabidopsis and was previously discussed as a candidate involved in gamete interaction [117] . More recent studies have shown that it is necessary for gametophyte development and early embryogenesis [118] , which does not exclude that it is also required during fertilization. Its ortholog in Chlamydomonas, CrGEX1, localizes to the nuclear envelope of sexual stages and was recently shown to function in nuclear fusion similar to KAR5 (KARYOGAMY5), which is essential for nuclear fusion during sexual reproduction cycles in yeast [119] . GEX1 thus appears to be a prime candidate for mediating fusion of plant gamete nuclei. However, this has to be tested by further experimentation.
Polytubey and Prevention of Polyspermy
Eggs in animals have significant investments of nutrition and resources (if not yolk as in chickens, sea urchins, flies, etc., then in organelles and stored macromolecules) that are energetically costly for a female. It is evolutionarily advantageous to have this egg cell be successfully fertilized by one sperm only, since multiple sperm fusing with the egg (polyspermy) is generally lethal to the resultant embryo [42] . The lethality is usually caused from the multiple centrioles contributed by the multiple sperm that cause aberrant mitotic spindles, competition for the chromosomes, and cleavage abnormalities. So, the egg strategy is to emphasize a single sperm fusion to protect its investment. This is in contrast to the strategy in males in which sperm have relatively (compared with the egg) low nutritional investment in each sperm, and as a result the male generates large numbers of sperm that are selected based on their ability to get to and fuse with the egg first. The sperm onslaught is advantageous for the male due to the higher probability of passing on that male's genes, even if sometimes killing the egg by polyspermy, because of the sometimes highly competitive conditions with other males.
Getting there first and outcompeting other males is often enhanced by increased sperm production, and hence the conflict of (self-interest) between the sexes. Indeed, mammals with high male competition for mating with promiscuous females generally have larger testes for increased sperm production, whereas in species with low intraspecific male competition, the testes are smaller and sperm production is lower [120] . Similarly, in wind-pollinated seed plants, the number of sexual male organs (stamens containing anthers) is strongly increased compared to species pollinated by insects [121] . A way in which animal eggs counter sperm onslaught is by rapid diversification of receptors for sperm [48] , and by rapid and permanent blocks to polyspermy. The investment made by the egg to blocks to polyspermy in some cases is enormous. In sea urchins, for example, in which thousands of sperm may contact the egg within moments of each other, the egg has invested multiple mechanisms to block polyspermy. The sea urchin egg has devoted several percent of its mRNA, of its protein, and of its organelle volume to cortical granules, the most conserved egg organelle involved in the block to polyspermy [42, 122] . Notably, mammalian Juno (the binding partner of IZUMO1 on the egg; Figure 3B ) appears to be rapidly shed from the membrane into the perivitelline space after fertilization [45] , which may also play an essential role in the prevention of polyspermy in these species. Some animals, such as insects, also use the micropyle as a limiting structure for sperm entry, such that the first sperm entering the micropyle may sterically hinder subsequent sperm candidates from reaching the egg (such as in the block to plant polytubey, see below). Remarkably, some insect eggs even close the micropyle prior to fertilization as a switch between sexual to asexual reproduction [123] .
Similar to the mammalian Juno, which is a glycosylphosphatidylinositol-anchored protein (GAP), the plant-specific LORELEI (LRE) is also anchored to the membrane through a glycosylphosphatidylinositol anchor. LRE is predicted to be a co-receptor of FER at the surface of synergid cells [26] , and it might also be cleared by GAP cleavage from the plasma membrane as a result of successful pollen tube reception and thereby contribute to the prevention of entry by subsequent pollen tubes into the same embryo sac, a condition known as polytubey [124] .
However, the most prevalent mechanism for prevention of polyspermy in animal eggs is fertilization-dependent secretion such as the release of cortical granules, whose contents quickly change the egg extracellular matrix and the ability of sperm to reach the egg cell surface. The stimulus for the release of the contents of cortical granules is Ca 2+ [122, 125, 126] . Ca 2+ performs many roles in the activation of the egg, and fusion of the cortical granule membrane with the egg plasma membrane is Ca 2+ dependent, and uses much the same molecular machinery as fusion of synaptic vesicles in a neuron (e.g., SNAREs). During medaka and zebrafish fertilization, for example, a single selfpropagating Ca 2+ wave is initiated at the micropyle, the point of sperm-egg contact located at the animal pole, and then it propagates at about 10-12 mm/s to its antipode at the vegetal pole leading to the release of cortical granules [127] . This is different for animals (such as mammals, ascidians, some amphibians and annelids) where multiple, recurring Ca 2+ waves, with species-specific wave frequencies and amplitudes, are required for successful activation of development [128] .
It is unclear whether vesicles with functional analogy to cortical granules also exist in plant female gametes. However, vesicles containing the sperm cell-activating EC1 proteins are released by the egg cell upon pollen tube reception and sperm cell arrival [59] (Figure 3A) shortly after a single strong Ca 2+ transient is observed in both the egg and central cell [18, 61] . Plasmogamy between egg and sperm cell is associated with a second extended Ca 2+ elevation and release of cell wall material, which would prevent fusion of a fertilized egg cell with additional sperm cells, is visible within 30 seconds after gamete fusion [129] . This observation points towards the possibility that vesicles containing cell wall material, such as pectins, are triggered in a Ca 2+ -dependent manner to fuse with the plasma membrane -similar to the cortical reaction described in animals [130] . Once even a primitive cell wall is established, fusion with additional sperm cells is prevented. In this context, two unique aspects of plant fertilization should be considered. First, even though only two sperm are deposited in the embryo sac for two female gametes, were random fusion occurring between sperm cells and the female gametes, this would result in polyspermy 50% of the time, unless plants indeed had a block to polyspermy. While no molecular evidence reveals a mechanism for blocks to polyspermy in plants (with the exception of the above described quick appearance of cell wall material), this number suggests that female gametes do change upon fertilization in a way that limits polyspermy, at least in the egg cell. The central cell is indeed able to fuse with more than one sperm cell, as demonstrated in the tetraspore (tes) mutant generating additional sperm cell pairs [131] . This finding supports the hypothesis that Ca 2+ is involved in triggering this block as the second elevated Ca 2+ transient observed during egg-sperm cell fusion is absent during central cell fertilization [9, 18] . As a second consideration, while only two sperm cells are delivered inside the embryo sac, both of these sperm cells must function in fertilization. That is, 100% of the sperm must fuse in order for the embryo and endosperm to develop successfully. This is a very different kind of efficiency than in animal eggs, in which tens to millions of sperm may confront a single egg within moments of each other. However, plants also possess mechanisms to achieve fertilization if gamete fusion fails. A mechanism known as fertilization recovery [132] associated with polytubey (attraction of supernumerary pollen tubes) [124] becomes active in Arabidopsis in case fusion-defective sperm cells are delivered by the first pollen tube. In this situation, secondary pollen tubes are attracted (with a delay of a couple of hours) by the remaining second synergid cell and deliver their sperm cargo to the female gametes. This mechanism provides plants with an additional means to maximize reproductive success [133] . The observation that secondary pollen tubes are not immediately attracted but become attracted only when sperm fusion with one or both female gametes fails furthermore indicates that pollen tube repellents must be released upon sperm cell discharge. In the grasses, multiple pollen tubes compete for fertilization, but only a single tube enters the micropyle [134] , providing further support for the existence of as yet unknown repellents. These have to be degraded or diluted until additional pollen tubes are able to enter the micropyle and embryo sac. Moreover, to fully prevent polytubey, the second persisting synergid cell generating the pollen tube attractant is quickly disintegrated by independent signals from both female gametes [93] . An EIN3-EIN2/EIL2-dependent ethylene-signaling cascade is predominately activated after fertilization of the egg cell, resulting in premature synergid degeneration and thus a subsequent block of supernumerary pollen tube attraction [88, 135] . Additionally, the persisting synergid cell fuses with the successfully fertilized central cell ( Figure 4B ) and thereby dilutes its content into a much larger cell, causing rapid dilution of the pollen tube attractant [88] .
Conclusions
Gamete fusion is a necessary pre-requisite for sexual reproduction in all organisms and one might think that the underlying mechanisms of such a prevalent event are also highly conserved. Instead, it is clear that organisms have evolved enormous diversity to accomplish the same goal. It appears that a unique reproductive niche is a prerequisite to successful species competition and that organisms test new dimensions within which to occupy their niche more effectively. By judicious exploration of different organisms, researchers may eventually build a coherent mural of how fertilization has diversified, and what constraints reproductive niches might hold in species success. With a focus on flowering plant fertilization mechanisms, this review aimed to highlight similarities and differences in the morphology and molecular machinery involved in gamete interactions in plants and animals.
While structures such as a micropyle are present in both plants and animal organisms to restrict the entry site of sperm to the egg, other processes such as the loss of sperm motility and the usage of the actin cytoskeleton instead of microtubules to achieve gamete nuclei fusion in plants are quite different. Research progress in flowering plants has recently revealed many molecular mechanisms common between plants and animals, and these windows of discovery cast new light into the reproductive process for all organisms. Pre-fertilization mechanisms such as sperm/pollen tube attraction, sperm cell reception and gamete recognition appear highly specific to species, and represent barriers to pre-zygotic hybridization through fusion of incompatible gametes.
However, the subsequent steps of fertilization, including gamete adhesion, activation, and fusion, appear more similar. As outlined above, GEX2 required for gamete adhesion in plants [57] contains extracellular protein domains previously described in animal gamete attachment [44] and GAPs such as LRE in plants and Juno in mammals as well as protein glycosylation have been shown to play critical roles in initiation of the fertilization process in both mammals and plants. Moreover, the putative gamete fusogen GSC1/HAP2 exists in protists, invertebrates, and plants and may function similarly in these organisms (see above). EC1, involved in sperm cell activation during double fertilization, is conserved in all flowering plants including the most basal-branching extant flowering plant Amborella trichopoda [4, 59] . Whether cysteine-rich secretory peptides/proteins or other secreted ligands are also required for sperm activation in animals remains to be seen. However, molecules similar to plant CRPs of the b-defensin class have also been found in testis, within the epididymidal epithelium, as well as in the seminal fluid of mammals, and these genes do affect sperm motility and fertility [136] . These observations, together with the finding that Ca 2+ serves as an intracellular messenger in almost all fertilization mechanisms tested, indicates a surprising number of similarities between plants and animals even though their reproductive organs and structures appear at first glance quite different. We hope that this review also reveals that researchers of plant and animal fertilization mechanisms are capable of speaking the same language, which will further accelerate future discoveries for basic, clinical, and agricultural applications.
